OBJECTIVES: Preoperative identification of the artery of Adamkiewicz can help prevent postoperative spinal cord injury in patients undergoing thoracic and thoraco-abdominal aortic aneurysm repair. Although several studies have shown the feasibility of evaluating the artery of Adamkiewicz using multidetector row computed tomography (MDCT), no detailed investigations regarding the collateral circulation to the artery of Adamkiewicz have been performed. The purpose of this study was to investigate the collateral circulation to the artery of Adamkiewicz using MDCT in patients with thoracic and thoraco-abdominal aortic aneurysms.
INTRODUCTION
Recent developments in multidetector row computed tomography (MDCT) have made it possible to depict the artery of Adamkiewicz [1] [2] [3] [4] [5] . It has been reported that preoperative identification of the artery of Adamkiewicz can reduce the risk of postoperative spinal cord ischaemia in the surgical treatment for descending thoracic or thoraco-abdominal aortic aneurysms. [6, 7] . Recently, a multicentre prospective study involving over 2000 patients demonstrated that preoperative identification of the artery of Adamkiewicz with adequate reconstruction or preservation is a useful adjunct for ensuring spinal cord protection [8] . Although the segmental arteries (intercostal and lumbar) are considered to be the main supplying vessels of the artery of Adamkiewicz, collateral pathways may also be present. Particularly in patients with atherosclerotic disease, collaterals may have developed that can compensate for occlusion of the main supplying arteries, and this may explain the absence of symptoms related to spinal cord ischaemia, despite interruption of the segmental artery. Obtaining a better understanding of this collateral network may aid in the prevention of postoperative spinal cord ischaemia. However, to our knowledge, there have been no detailed investigations on the collateral circulation to the artery of Adamkiewicz, with the exception of a few case reports [9] [10] [11] [12] [13] . The purpose of this study was to investigate the collateral circulation to the artery of Adamkiewicz using MDCT.
MATERIALS AND METHODS

Patients
This retrospective study was approved by our institutional review board. A total of 270 consecutive patients (201 men and 69 women; age range 20-87 years; mean age 67.9 years) with descending thoracic or thoraco-abdominal aortic aneurysms underwent MDCT for preoperative evaluation of the artery of Adamkiewicz between December 2006 and December 2016. Of these patients, 64 (48 men and 16 women; age range 28-82 years; mean age 66.5 years) who met the 2 following inclusion criteria were enrolled in this study: (i) the artery of Adamkiewicz, including the characteristic hairpin turn connection between the artery of Adamkiewicz and the anterior spinal artery, could be identified and (ii) the occlusion of the segmental artery from which the artery of Adamkiewicz originated was demonstrated at its origin in the aorta. Both criteria were assessed by MDCT using multiplanar reformation images. Aortic pathology included true aortic aneurysms in 43 patients (23 descending thoracic aortic aneurysms and 20 thoracoabdominal aortic aneurysms) and dissecting aortic aneurysms in 21 patients. The patient characteristics are presented in Table 1 . Written informed consent to undergo contrast-enhanced computed tomography (CT) examination was obtained from all patients.
Computed tomography data acquisition and image reconstruction methods CT examinations were performed using a 64-detector row CT scanner (Aquilion 64; Toshiba Medical Systems Corporation, Otawara, Tochigi, Japan) between December 2006 and November 2008 for 16 patients and using a 320-detector row CT scanner (Aquilion One; Toshiba Medical Systems Corporation) between December 2008 and December 2016 for 48 patients. The imaging protocols were similar for both scanners.
The scanning parameters were as follows: 120 kV, 400 mA, beam collimation of 64 Â 0.5 mm, beam pitch factor of 0.64, rotation speed of 0.5 or 0.75 s and scanning field of view (FOV) of 350 mm. The scanning range extended from the sternal end of the clavicle to the lower edge of the second lumbar vertebra.
Images were reconstructed with a 0.5-mm slice thickness and 200-mm or 350-mm display FOV. Kernel FC 43 with filtered back projection was used between December 2006 and January 2012 for 40 patients, and kernel FC 44 with an iterative reconstruction algorithm (adaptive iterative dose reduction 3D; Toshiba Medical Systems Corporation) at the standard setting was used between February 2012 and December 2016 for 24 patients.
A dedicated contrast enhancement method for the evaluation of the artery of Adamkiewicz was used, as has been reported previously [2, 3] . A total of 2.0 ml/kg body weight of high-osmolarity iodinated contrast medium (iopamidol 370, Bayer, Osaka, Japan) was administered at a rate of 3.5 ml/s via a 20-gauge intravenous catheter placed in the antecubital vein, followed by a 35-ml saline chaser bolus. The bolus-tracking method was used to determine the image acquisition timing. A circular region of interest with a diameter of 1 cm was placed in the descending aorta at the level of the seventh thoracic vertebra. When the degree of attenuation reached 250 Hounsfield units, scanning was started automatically in the craniocaudal direction. Scanning was performed during a single breath-hold.
All CT data were transferred to a workstation (Ziostation; Ziosoft, Tokyo, Japan) to generate multiplanar reformation images, curved planar reformatted images and volume-rendered images. The slice thickness and slice interval of both multiplanar reformation and curved planar reformatted images were 0.5 mm.
Image evaluation
The image data sets were reviewed independently by 2 cardiovascular radiologists (K.Y. and R.T.), each with more than 20 years of experience. Visualization of the artery of Adamkiewicz and its collateral circulation was assessed on the curved planar reformatted images, and the degree of visualization was scored using the following 4-point scale proposed by Utsunomiya et al. [4] , with some modifications:
The characteristic hairpin turn configuration of the connection between the artery of Adamkiewicz and the anterior spinal artery was demonstrated and the segmental artery from which the artery of Adamkiewicz originated was seen to be occluded at the origin of the aorta, but the collateral pathways could not be visualized.
(Fair):
The collateral pathways were demonstrated, but the vascular continuity between the aorta and the artery of Adamkiewicz via the collateral pathways was not delineated. Because of inadequate information, the actual collateral arteries could not be identified.
(Good):
The collateral pathways were clearly demonstrated, but the vascular continuity was partially obscured because of the thinness of the arteries and their proximity to skeletal structures. Adequate information was provided and so actual collateral arteries could be identified. 4. (Excellent): The collateral pathways were clearly depicted and the vascular continuity between the aorta and the anterior spinal artery via the collateral pathways was fully demonstrated.
A visualization score of 3 or 4 was considered to indicate diagnostic image quality and a score of 1 or 2 was considered to indicate non-diagnostic image quality. The side and level of the segmental arteries that supplied the artery of Adamkiewicz were also recorded. Any discrepancies between the scores assigned by the 2 reviewers were resolved by consensus. Postoperative evaluation was not performed.
Statistical analysis
All data are expressed as mean ± standard deviation. Interobserver agreement for the visualization scores of the collateral pathways between the 2 independent reviewers was assessed by Cohen's kappa test. Analysis was performed using statistical software (SPSS 21; IBM).
RESULTS
The results for the degree of visualization of the artery of Adamkiewicz and its collateral circulation are presented in Table 2 . The average visualization score was 2.8 ± 0.6. The interobserver kappa score was 0.76, indicating good agreement (P < 0.01; 95% confidence interval 0.50-1.00). The results showed diagnostic image quality in a total of 53 (83%) patients and non-diagnostic image quality in 11 (17%) patients. In the 11 patients with non-diagnostic image quality, the aortic pathology was as follows: dissecting aortic aneurysm, n = 6; descending thoracic aortic aneurysm, n = 3 and thoraco-abdominal aortic aneurysm, n = 2.
In the 53 patients with diagnostic image quality, 75 collateral pathways were identified. The number of collateral pathways per patient was as follows: single collateral pathway, n = 38; 2 collateral pathways, n = 9; 3 collateral pathways, n = 5 and 4 collateral pathways, n = 1.
Details of the collateral pathways are presented in Table 3 . The collateral pathways were divided into 2 groups based on the location. One group included collateral pathways located around the spinal column (n = 64, 85%) and the other group included collateral pathways located in the thoracic wall (n = 11, 15%). Details of the collateral pathways around the spinal column were as follows: the muscular branch of the segmental artery, n = 31 (Fig. 1) ; the dorsal somatic branch of the segmental artery, n = 17 (Fig. 2) ; the ventral or lateral somatic branch of the segmental artery, n = 6; the intersegmental artery with anastomoses between the anterior branch of the segmental artery and the anterior branch of the segmental artery one level cranial or caudal, n = 6 ( Fig. 3) [10] and the dural branch of the segmental artery in the spinal column, n = 4. Details of the collateral pathways in the thoracic wall were as follows: the thoracodorsal artery, n = 7 (Fig. 4) ; the internal thoracic artery, n = 3 ( Fig. 5 ) and the inferior epigastric artery, n = 1. The branching level and side of the origin of the segmental artery that was occluded at the origin and from which the artery of Adamkiewicz originated were as follows: the left 7th intercostal artery, n = 3; the left 8th intercostal artery, n = 5; the left 9th intercostal artery, n = 16; the left 10th intercostal artery, n = 12; the left 11th intercostal artery, n = 8; the left subcostal artery, n = 5; the left 1st lumbar artery, n = 5; the right 9th intercostal artery, n = 4; the right 10th intercostal artery, n = 4 and the right subcostal artery, n = 2. A left-sided origin was found in 54 (84%) patients.
Radiation exposure, expressed as the dose-length product, was 1973.8 ± 524.4 mGy Á cm.
Of the 53 patients with diagnostic image quality, 34 underwent surgical treatment (20 open repairs, including 11 thoracoabdominal aortic repairs and 9 descending aortic repairs, and 14 endovascular repairs). During open repair, the preoperatively identified collateral artery was reconstructed or preserved in all patients. During endovascular repair, the origin of the preoperatively identified collateral artery was preserved in 10 patients. However, the origin of the collateral artery was covered by a stent graft in 4 patients. Spinal cord complications occurred in none of the 53 patients, and postoperative evaluation using MDCT was therefore not performed. 
DISCUSSION
Recent innovations in MDCT technology have made it possible to identify the artery of Adamkiewicz. Detection rates for the artery of Adamkiewicz have been reported to be as high as 80-90% using 4-, 16-and 64-detector row CT [1] [2] [3] [4] [5] . Although a few previous studies [2, 3] and a number of case reports [9] [10] [11] [12] [13] have described the collateral circulation to the artery of Adamkiewicz, no detailed evaluations of the collateral circulation to the artery of Adamkiewicz have been performed using MDCT.
In this study using 64-or 320-detector row CT, the collateral circulation could be identified in 83% of patients with occlusion of the segmental artery from which the artery of Adamkiewicz originated. The collateral pathways were divided into 2 groups: collaterals around the spinal column and collaterals in the thoracic wall.
Collaterals around the spinal column were depicted in 64 of 75 arteries (85%). In these collaterals, the muscular branch (31 of 64 arteries, 48%) and the dorsal somatic branch (17 of 64 arteries, 27%) were the most frequently observed collateral pathways. These findings indicate that these 2 arteries are very important collateral pathways. In practice, this observation also implies that if the parent segmental artery is occluded, the muscular branch and the dorsal somatic branch should be inspected first as potential sources of collateral flow. Etz et al. [14] have previously reported the existence of a collateral vascular network around the spinal column using an animal experimental model. Building on these observations, such collateral pathways were visualized in humans using clinical MDCT data in this study. The feasibility of employing magnetic resonance angiography (MRA) as an alternative imaging method for the depiction of collateral pathways around the spinal column has been demonstrated in previous studies [15] [16] [17] [18] . In general, MRA is recommended for patients in whom the artery of Adamkiewicz could not be identified by MDCT [5] . However, MRA has the disadvantage of a more limited FOV when compared with MDCT. This is related to the FOV employed for sagittal imaging in MRA, which makes it difficult to visualize collaterals that run out of the FOV. For this reason, the intersegmental artery with anastomoses between the anterior branch of the intercostal artery and the anterior branch of the intercostal artery one level cranial or caudal may not be identified [3] . For the same reason, MRA may fail to identify thoracic collateral pathways such as the thoracodorsal artery and the internal thoracic artery. If the patients in this study had been evaluated using MRA, 17 (23%) collaterals may not have been identified because of limitations in the FOV.
Collaterals in the thoracic wall were depicted in 11 of 75 (15%) arteries. In these collaterals, the thoracodorsal artery (7 of 11 arteries, 64%) and the internal thoracic artery (3 of 11 arteries, 27%) were often identified as alternative supplying vessels. It is well-known that the left subclavian artery coverage during endovascular repair entails a risk of spinal cord ischaemia [19, 20] . This phenomenon suggests that the left subclavian artery may be an important pathway for the artery of Adamkiewicz. Therefore, the thoracodorsal artery and the internal thoracic artery, which are branches of the subclavian artery, may be the main collateral sources originating from the subclavian artery. The thoracodorsal artery was the most frequently observed collateral in the thoracic wall in this study, and a few previous studies have also identified this artery as an important collateral source to the artery of Adamkiewicz [12, 13] . Nakai et al. [11] reported a case in which angiography demonstrated that the left thoracodorsal artery had become a collateral source to the artery of Adamkiewicz after endovascular aneurysm repair. Recently, Minatoya et al. [21] proposed a novel surgical incision method for avoiding damage to the thoracodorsal artery to prevent spinal cord injury during thoraco-abdominal aortic surgery. The absence of spinal cord complications when this method is employed provides further evidence that the thoracodorsal artery and surrounding muscular arteries may be important alternative pathways for flow to the artery of Adamkiewicz.
On the other hand, a number of studies have reported that the internal thoracic artery provides collateral circulation to the artery of Adamkiewicz. It is known that spinal cord ischaemia is a rare complication after coronary artery bypass grafting using the internal thoracic artery [22, 23] . In such cases, it is conceivable that a collateral network from the internal thoracic artery was the main source of flow to the artery of Adamkiewicz. Furthermore, Malikov et al. [24] reported the feasibility of revascularization of the artery of Adamkiewicz using the internal thoracic artery. Shijo et al. [25] described the importance of connections via the arteries in the thoracic and abdominal walls, including the internal thoracic artery, to the segmental arteries as spinal collateral circulation in patients who have undergone thoraco-abdominal aneurysm repair using MDCT. Although they depicted several collateral communications between the arteries in the thoracic wall and the arteries around the spinal column, the artery of Adamkiewicz and the anterior spinal artery were not demonstrated. In this study, on the other hand, we were able to identify not only the collateral pathways but also the artery of Adamkiewicz with vascular continuity in 83% of our patients.
Preoperative identification of the collateral circulation to the artery of Adamkiewicz may help the surgeon determine the optimal surgical procedure [6] [7] [8] . If a collateral artery is identified preoperatively in a patient scheduled for surgical repair of a thoraco-abdominal aortic aneurysm, reconstruction or preservation of the collateral source artery is recommended. With regard to thoracic endovascular aneurysm repair, preoperative identification of the collateral circulation to the artery of Adamkiewicz can help in guiding the surgeon to manoeuvre into a safe stent graft landing zone [26] . Tanaka et al. [27] described a case of successful intentional preservation of the preoperatively identified collateral circulation to the artery of Adamkiewicz during thoracic endovascular aneurysm repair.
Limitations
This study has several limitations. The first major limitation is the small patient population. Although our results have shown the feasibility of using MDCT to visualize the collateral circulation to the artery of Adamkiewicz, studies with larger patient populations are needed to confirm our findings.
Second, the images in this study were reconstructed using filtered back projection and an iterative reconstruction method (adaptive iterative dose reduction 3D). Iterative reconstruction improves image quality by reducing image noise. Therefore, the use of an iterative reconstruction algorithm may have also contributed to the improved visualization of the artery of Adamkiewicz. However, Nishida et al. [28] reported that the application of an adaptive statistical iterative reconstruction algorithm did not result in a significant improvement in the visualization of the artery of Adamkiewicz when compared with filtered back projection. Machida et al. [29] also reported similar findings. Based on these reports, we assumed that there was no substantial difference between the 2 image reconstruction methods in the visualization of the collateral circulation to the artery of Adamkiewicz [30] . On the other hand, more favourable results have been described using model-based iterative reconstruction algorithms, which may facilitate delineation of the artery of Adamkiewicz [28, 29] . We anticipate that model-based iterative reconstruction may be particularly useful for depicting the vascular continuity of potential collateral pathways to the artery of Adamkiewicz.
Third, when a segmental artery from which the artery of Adamkiewicz originates is patent, it may be difficult to identify the potential collateral pathways by MDCT. Further investigations are needed to fully understand the ability of MDCT to visualize potential collateral pathways.
Fourth, we consider the collateral pathways to the artery of Adamkiewicz to be important, although it remains unclear as to what extent the preoperative identification of collateral pathways can contribute to the prevention of spinal cord injury.
CONCLUSIONS
Using MDCT, 75 collateral pathways to the artery of Adamkiewicz could be shown in 53 of 64 (83%) patients on the basis of vascular continuity from the aorta to the anterior spinal artery in patients with descending thoracic and thoracoabdominal aortic aneurysms associated with occlusion of the segmental artery from which the artery of Adamkiewicz originated. Among the collateral pathways identified, 64 (85%) were collateral pathways around the spinal column and 11 (15%) were collateral pathways in the thoracic wall. Preoperative identification of the collateral pathways to the artery of Adamkiewicz could be helpful in planning procedural strategies for preserving the artery of collateral origin in patients undergoing descending thoracic and thoraco-abdominal aortic aneurysm surgery.
